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This study tested for the presence ol risk premiums on crude oil and
natural ^as. Ihc econometric analysis fcjilowed trom a stochastic
model in which the equilibrium value ol inventories depends on a
con\enience yield and an option \ahie related to price uncertainty.
The empirical lindings pro\ ide rather strong support lor the presence
of risk premiums and also evidence for the existence of convenience
yields. Ihc risk premiums rose sharply with greater price volatility
and help to explain w hy prices for immediate sales oiten exceed priees
for future delivery. © 2001 John Wiley & Sons, Inc. Jrl I ut Mark
21:109-126, 2001

INTRODUCTION

Understanding the role of storage in commodity price determination has
captured the interest ol many researchers. Nearly all studies of storage
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build on the simple notion that the marginal benefits From stock holding
must equal their marginal costs. Researchers differ, however, in how they
define these costs and benefits and in how they use this equilibrium con-
dition to specif)' models of prices for spot and future delivery of
commodities.

The traditional theory' of storage developed by Kaldor (1939), Work-
ing (1934), Brennan (1958), and Telser (1958) defined the marginal ben-
efit of storage by expected price less the current price. Brennan argued
that the net marginal cost of storage includes the financial opportunity
cost of capital, a risk premium, and direct warehousing and insurance
costs less the marginal benefit, or com enience yield, earned from holding
inventories. These benefits arise From the fle.xibility slocks provide firms
to produce when costs are low or to avoid costly changes in produetion.
1 he marginal convenience yield rises sharply as inventories reach low
levels. As a result, the net marginal cost of storage falls with inventories
and ean become negative if the convenience yield is sufficiently high,
whieh would imply that benefits would also have to be negative. Conse-
quently, tbe convenience yield plays a central role in explaining why prices
for immediate sale are often higher than priees for future delivery, a sit-
uation called commodity price hackivardatioii. Pindyck (1994) provided
some systematic econometric evidence linking the convenience yield with
the stock-to-sales ratio for several commodities. Pindyck admitted, how-
ever, that his derivation of the convenience yield was arbitrary.

Anotber approaeh, pioneered by Gustafson (19S8), ofFers more
structure witb a dynamic programming framework to solve for rational
storage rules. Williams and Wrigbt (1991) developed this approaeh fur-
ther and numerically implemented their model to examine an array of
storage issues. Unlike the supply of storage literature, their equilibrium
condition did not include a convenience yield. Instead, price backwar-
dations arose From tbe possibility of stock-outs.

Deaton and Laroque {1996) examined whether this theory explains
actual commodity prices. Assuming harvests were identieally and inde-
pendently distributed random variates, tbey found their model could not
explain the high degree of autocorrelation in priees. Moreover, Deaton
and Laroque illustrated that price predietions from the storage model do
not detect autocorrelation when prices are high; in elFect, the modei com-
pletely misses price spikes. Chambers and Bailey (1996) sbowed tbat the
stock-out price is constant when independent and identically distrihuted
disturbances are assumed but varies under periodic or time-dependent
disturbanees. To estimate tbe periodic disturbance model, they arbitrarily
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grouped ohsen'ations to ct)rrespond \\ith \arious stoek-oul prices and
found qualified support for this specification.

The results oi these studies illustrate that econometric testing of
commodity stock-out models is dillicult because they rely on restrictive
assumptions to ensure unique solutions for optimal storage rules. For
example, the nonnegativity constraint on stocks is critical in generating
the optimal storage rules, ensuring that storage only occurs wheti future
prices exceed spot prices. Price backwardations occur only when stocks
are zero. Williams and Wright (1991) noted that there have been no
stock-ouls in Chicago wheat markets during the last 120 years and eon-
ceded that storage appears to take place during periods of backwardation,
in apparent \iol:ition ol tbeir price-arbitrage conditions. Similarly, in tbe
discussion of the data sample used in this study, tbere appears scant
evidenee of stock-outs in crude oil and natural gas markets.

Lit/enberger and Rahinowit/ (I99S) offered anotber e,vplanation for
commodity price baekwurdations. Tbey developed an option model for
crude oil production, viewing ownersbip of an oil Held as a call option
with an exercise price equixalent to evtraetion costs. For example, pro-
ducers bave two cboices: to exercise the option to pump oil at marginal
extraction costs or to preser\'e tbe option to produce in tbe future hy
leaving oil underground. Lit/enberger and Rabinowitz argued tbat weak
hackuardation, wben discounted futures prices are below spot prices, is
necessary For current production beeause all producers would cboose to
defer protluclion if discounted future prices were bigber tban spot prices.
Tbey sbowed that under price uncertainty, strong backwardation may be
necessary lor current prodiictittn.

Asset valuation models developed by Rrennan and Sebwartz (1985)
and later by Gibson and Schwartz (1990) aiso capture sucb an option
value and inelude a marginal eonvenienee yield. In particular. Clibson and
Sebwartz developed an empirical model of pricing assets tbat explicitly
models an uncertainty premium, but tbey assumed an exogenously spec-
ified eonvenience yield. Sundaresan (1984). Pindyck (1980). and l.itz-
enberger and Rabinowit/ (1995) all considered uncertainty but not tbe
convenience yield.

[be model developed in tbis study contains the eonvenience yield
and an option value under price uncertainty. Unlike tbe supply of storage
literature, we assumed, similarly to studies on in\entory bebavior by Ru-
mey (1989) and Considine (1997). tbat inventories are a factor of pro-
duction. In this case, tbe sbadow value of inventories is equivalent to
Brennan s concept of tbe convenience yield. Tbe option value is similar
to tbe one developed by Larson (1994) to explain priee baekvvardations
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for refined copper. Like Sladt- antl Ihille (1997). our model uses the
capital asset pricing condition discussed by Dixit and Pindyek (1994) but
does so in a sbort-run eonte.xt with the marginal \alue of inventories
replaeing their shadow value on reserves. This formulation allows direct
estimation of an inventory equilibrium eondition that eontains a risk pre-
mium. Brennan (1958) discussed the possibility of a risk premium on
inventory holding that rises slowly with stocks but then rises sharply at
high stock levels as more capital becomes exposed. In tbis case, the risk
premium is not an Integral part of price backwardations beeause it is small
at low stoeks levels. In the next section, our storage equilibrium eondition
includes an uneertainty premium that is a function of the variance in
priees, which allows uneertainty to play a larger role in explaining price
backwardations.

After discussion of the model, we diseuss econometric specification,
ineiuding the diserete time approximation of the eontinuous time model
developed in the following seetion. We next provide a faetual over\aew of
tbe crude oil and natural gas sample used in the econometric analysis in
the Data Sample section. We then present the empirieal results. We eon-
elude the article with a brief summar\' of tbe main findings.

A MODEL OF I>fVENTORIES UNDER PRICE RISK

Our model assumes tbat firms maximize expected profit subject to sales
from current production or carryover inventories and eonditional on a
stoebastic proeess for prices. Revenues are simply tbe state variable priee.
Pi, times sales, Sp from production or inventories. Production costs are a
function of tbe state variable inventories, X,; input priees, u',; produetion,
>',; capacity, fet; and tbe state of teebnology, z^ represented witb a time
trend in tbe empirieal estimation below. Tbe objective function for tbis
problem is

^o^yoyKh^o) ~ max £, [P,5, — C,(Xj,ii',,y,,fe,,2,)]e '"dt (1)

subject to

^X, - (y, - s,) dt (2)

and

Ib (3)
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wbere dh is a standard Weiner proeess, p is tbe risk-adjusted discount
rate, [i{Pi) is the mean rate of priee appreciation, and a(P|) is ibe standard
deviation in price.

The Bellman equation for this prohlem is

pJ - max P.s - C(X,n',y,k,z) + J.v(v - s) + \x(P)Jp + \o{P)'jrH\ (4)

Differentiating Equation 4 with respect to s and y provides tbe first-order
eonditions:

pJs = I' - Jx - 0 ^ P = Jx (5)

pJ, - ~ C , + Jx = 0 => P - C, (6)

These eonditions imply that firms equate marginal revenue with the mar-
ginal value of stocks and the marginal eosts of production. The marginal
value of stoeks follows from differentiating Equation 4 with respect to X:

P A - -(-x + Jxxiy - s) + \^(P)Jpx + ^ <yii'^'j,'PX (7)

Stochastically differentiating Equation 5 yields the following:

, ,x (8)

This expression yields the expeeted eapital gain trom holding in\entory,
whieh is equi\alent to the \alue of the option to wait and sell from in-
ventory next period. Hence, Equation 7 states that the marginal value of
inventories is equal to the shadow value of inventories, C'x, and an option
value.

Substituting the first-order eondition (Equation 5) and the option
value (Equation 8) into Equation 7 and rearranging provide an ei|uilib-
rium condition tbat equates the marginal costs atid benefits ot stoek
bolding:

^ = -C,

If tbe expected ebange in price is zero, tbis condition collapses to a tjpieal
faetor market equilihrium eondition for a quasifixed input. In this ease,
the user eost, pP, equals the shadow value on stoeks, C\, which is negative
if stoeks generate cost or prodLiction smotithing benefits. Holding in\en-
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Lories allows lirms the flcxihility to smooth production and avoid large
and disruptive production changes in response to random sales shocks.
Another henefit arises from the ability to produce when input costs are
low and to sell from stocks when input priees are high. These produetion
and cost smoothing henefUs that arise from stocks have been the foeus
of many studies of inventory behavior that were surveyed by Blinder and
Maccini (1991). These comments suggest that the term on the right of
Equation 9, — C'x, is equivalent to the convenience yield from the elassic
thcor\' of storage.

When expected priee ehanges are nonzero, user costs on the left of
Equation 9 become dynamic. Under priee backwardation, the marginal
convenience yield is positive so that variable costs decline with higher
inventories. Cy < 0. If the expected price change is positive, the market
is in contanoo. Under these conditions, expected capital gains on in\cn-
tories encourage firms to build stocks beyond levels that generate cost
and production smoothing benefits, wbich implies that the convenience
yield is negative and C'x is greater than 0.

Dixit and Pindyck (1 994, p. 115) showed that the risk-adjusted dis-
count rate from the capital asset prieing model is

p = r + 4><T\,,,,O (10)

where r is the risk-free interest rate. (}) is the market price of risk, ay ,„ is
the covariance between tbe return from bolding inventory and tbe return
on tbe market portfolio, and a is tbe standard deviation in crude oil prices.
The last term in Equation 10 is tbe risk premium refleeting the nondiv-
ersifiable risk of tbe asset. Substituting Equation 10 into Equation 9 and
rearranging yield

(11)

II Cx is zero. Equation I I beeomes a risk-adjusted Motelling (19.^1) rule
equivalent to tbe one developed by Slade and Tbille (1997). Price back-
wardations occur when expected price ehanges are negative, whieh may
result from a convenience yield when C\ is less than 0. If the correlation
between the returns on crude oil and the market portfolio is negative'
and if the market price of risk is positive, the risk premium will be neg-

'There is evidence Tor this. Ihe correliilions between the return from Standard iinti Poor's SIX)Siotk
Prife Index and the returns to sUjra^e for crude oil and natural gas Ciiltulaled with the first and
second nciirby futures are - .{)hH anil - .120. respeili\ely.
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ative, providing another reason why spot prices may exceed forward
priees.

ECONOMETRIC SPECIFICAIION

Two approaehes exist for estimating the prc\ ious model. One is to speeif)'
some approximation of the \alue lunetion and estimate the price tunetion
(Equation 5) and the expected priee expression (Equation 8). In this ease,
the convcnienee yield follows tVom solving Equation 7 for - C x . Another
approaeh, ad()pted in the following text, involves direct estimation of the
eon\enience yield with Ec|uations 6 and I I . In either case, a diserete
approximation of the continuous time model is required for econometric
estimation. A stochastic differenee equation provides a convenient ap-
proximation to Equation I I that Slade and Thille (1997) employed in
their empirieal analysis and Epstein and Denny (198.^) used in their es-
timation of a nonstochastic dynamic dual model. Employing such an ap-
proximation of Equation 1 1 and rearranging provide

H(P, . i ) - P, - rP, - Cy, + ^^G,P, (12 )

where \^ — (^C\ n̂  is the market risk parameter weighted hy the eo\ariancc
of inventory returns with the market portfolio. This formulation avoids
any arhitrary deeisions that could enter the model through the defmition
of the market portfolio. This specifieation also assumes that firms my-
opically update or re-solve the optimization problem each period, lhe left
side of Equation I 2 is the returns to storage or the eapital gain on in\en-
tory less the opportunity cost of capital. The net returns from storage
equal the shadow value on stocks plus a risk premium. Marginal cost
(Equation 6) and the returns to storage (Equation 12) constitute our two-
equation econometrie model.

This approach requires specification of a cost function, which rep-
resents the cost of producing, transporting, and delivering crude oil and
natural gas. The typical specification of a short-run cost function assumes
that variable eosts arc a tunetion of input priees and output eontingent
on teehnology and quasitixcd stocks of inventories and eapital.

Several alternative funetionai forms are a\ailable, but they all must
contain nonzero third-order derivatives beeause of the nature of the value
function presented prc\iously. In earlier versions of this artiele, we con-
sidered quadratic forms for marginal cost and the shadow value on stocks
derived from a cubie cost function with results quite similar to those
reported here. A translog eost function is another option, lhe nonlinear
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form for marginal cost and tbe convenience yield from tbe translog, bow-
ever, requires data on variable production costs, wbicb are unavailable.
Tbe generalized Eeontief form used by Morrison (1988) avoids tbis prob-
lem but involves a large number of parameters typieally estimated witb a
eost function and a set of input demand sebedules. Data on input quan-
tities, bowever. are unavailable. Hence, in tbis article we use a simple
symmetric, square-root quadratic eost function:

C, = i a,,4,'/̂  + i i ; y,A!/'AJ/' (13)
i = l i - l j=\

wbere Aj, includes production, y,; inventories, Xt; input prices; production
capacity; and a time trend for teebnological cbange, wbere 7̂  equals y [.
Tbis parsimonious speeilication allows nonzero third-order derivatives
and ensures nonnegativity for stocks and production. The marginal cost
equation takes the following form:

P, - y,, + (l/2)a,)'r'̂ ^ + 2 y,MJyy^'

The estimating equation for the returns-to-storage relation is as follows:

P { - P, - r,P, ^ y.vv + ( l /2 )avV '^^ + Sya-(A,/X,)'^^ + V,/P,CT, (15)

We assume that E(P, , |) = PJ, where P^ is tbe priee on tbe first or seeond
nearby futures contract. Eutures prices may serve as a good proxy for
expectations of prices next period.^ Tbis relation is equivalent to tbe ab-
senee of the arbitrage eondition widely used in tbe futures market liter-
ature in whicb tbe returns to storage reflect a convenience yield and a
risk premium. Appending random error terms to Equations 1 4 and 1 S to
represent errors in e.xpeetations and measurement, tbe generalized
metbod of moments (GMiM) estimator provides consistent estimates.''
Tbe GMM estimator is potentially superior to conventional instrumental
variable estimators, yielding consistent and efficient estimators witb past
or future values of tbe instruments correlated v\itb tbe error terms.

The information set available to tbe erude oil and natural gas market
pro\ides a basis for selecting instrumental variables. The instruments in-
clude trend, montbly dummy variables, and lagged values of spot prices,
futures prices, or both; input prices; produetion; total private and publie
stoeks; capacity; and volatility. This list also includes demand shock in-

^An anonymous referee pointed out that Ki|Uiition IS, vt'hen rearranged, provides the absence of
arliitrnfie opportunities ec|ULilit»n in fuliircs markets; P( = ( I + r, + <|/O,)P, + C\ ,.

Hui I 1948] ("oitnd ihal the data U'^fd in this studv \\ere station.irv.
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strumcnts, ineluding heating and cooling degree days, and supply shock
instruments, crude oil or natural gas imports, respectively. All dummy
variables in tbe mode! are only included as instruments, not as explana-
tory variables.

Our GMM estimator allows conditional beteroscedasticity and au-
tocorrelation in tbe error terms, \ewey and West (1994) developed a
procedure for determining tbe number of moving average components or
bandwidths in tbe errors. In this study, we adapted tbeir metbod to tbe
multi-equation case by estimating Equations 14 and I S witb tbree-stage
least squares and a series of autoregressions on tbe residuals, calculating
bandwidths for eaeh equation and then taking an average for the system.
These calculations provide the number of moving average eomponents in
the autocorrelations for the final CJMM estimation oF the marginal cost
and returns-to-storage relations.

DATA SAMPLE

Crude oil and natural gas provide two interesting case studies. Roth com-
modities have similar extraction technology but different storage tecb-
nologics and consumption patterns. Crude oil is less costly to transport
than natural gas over long distances. In addition, natural gas consumption
has much more pronounced seasonal fluctuations.

Eutures trading of crude oil began with the introduetion of the con-
tract for West Texas Intermediate crude petroleum in 1983. "I he natural
gas futures eontraet for delivery at the Henry Hub started trading in April
1990. This study used three different price spreads for each of these two
commodities. The first was between tbe spot price reported by tbe Wall
Streei journal and tbe price on tbe first nearby futures contract traded at
the New York Mercantile Exehange. The second priee spread was hetween
the first and second nearby futures. Ibe third spread was between the
first and seeond nearby priees on tbe last trading day of tbe montb be-
eause montb-cnd inventories appear in tbe model. A daily standard de-
viation for prices using the previous 20 trading days, expressed at an
annual rate, provided a measure of bistoric volatility. A montbly average
of tbese daily values was tbe estimate for a,. East-day-of-montb values
for bistorie volatility also were used in tbe analysis.

Estimating tbe model requires the measurement of variahie input
prices, production, and inventories. The selection of the arguments in the
cost function, Aj,, was very similar to the cost function estimated by Pin-
dyek (1994). Data for produetion and montb-ending stocks of erude oil
and natural gas were from tbe Energy information Administration (EIA).
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lhe input prices included prices for labor, energy, and materials. Wages
per hour equaled average weekly earnings divided hy average weekly hours
reported hy the U.S. Bureau of Eahor Statisties. Wages included benefits
inferred From total compensation reported by the U.S. Bureau of Census.
The energy priee index is a weighted a\eragc of the fuels that producers
use to extraet crude oil and natural gas. This index includes prices for
electricity, distillate fuel, natural gas, residual oil, and gasoline from the
EIA, where the weights are cost shares reported by the U.S. Bureau of
Census. Electricity comprises approximately two thirds of the energy con-
sumed in oil and gas extraction. The material priee was the price index
for industrial materials less energy published by the U.S. Bureau of Eabor
Statistics.

An overview of the salient statistics of the samples appears in Table
1. The U.S. federal government holds almost 50% of total erude oil stoeks
in the strategic petroleum reserve (SPR). The deeision-making process of
the SPR managers may he different from pri\ate inventory deeisions. Var-
iations in the SPR. however, are important, contributing to the infor-
mation set available to private stoekholders. Consequently, the eeono-
metrie estimates reported here are with and without SPR stoeks. Stocks
and tlovvs are in physical units unadjusted for seasonal \ariation. which
avoids the measurement errors identified by Fair (1989).

Oude oil produetion in the United States over the sample averaged
7.S million barrels per day (see Tahle I). Total private crude oil inventories
are on average about 334 million barrels with a standard deviation of 16.6
million harrels. Variability in domestie production is slightly greater than
the variability in domestic crude oil sales, contrary to production smooth-
ing. 1 he varianee in erude oil imports is far higher than the variance in
sales, suggesting that producers may use imports to meet swings in sea-
sonal refining needs.

Unlike erude oil. the standard deviation in natural gas production is
tar less than the variability in sales. Imports also do not appear to play
the smoothing role that erude oii imports serve. Natural gas storage levels
\ary substantiaiiy (sec Table I), rising sharply during the summer and
falling during the winter heating season. These market features may be
one reason why historie price volatility in natural gas is more than 20%
higher than in erude oil (see Table I).

Another interesting and important differenee between erude oil and
natural gas markets is that crude oil is often in haekwardation whereas
natural gas is not. The discounted forward spreads, expressed as an an-
nual pereentage in Table I, ranged from slightly over 8% to nearly 14%
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TABLE I

Summary Statistics for Crude Oil and Natural (las Markets

\ I SD MhiiniHiii .Ma.\iiiiinii

U.S. crude oil (millions of barrels)^
Daily sales
Daily production
Daily imports
Total stocks
Strategic pelroleum reserve
Total private stocks

U.S. natural gas (billion cubic feet)-"'
Daily sales
Daily production
Daily imports
Total stocks

Spot prices from Wall Street Journal"
West Texas Intermediate crude oil
Natural gas at the Henry Hub

Discounted forward spread{%)'
West Texas Intermediate crude oil

Spot and first nearby
First and second nearby
Last-day-of-the-month first and second nearby

Naturai gas at Henry Hub
Spot and first nearby
First and second nearby
Last-day-of-the-month first and second nearby

Historic 20-day volatility
West Texas Intermediate crude oil
Natural gas at the Henry Hub

13 57
7.50
6.07

876,39
542.66
333 58

56.61
50,38
6.51

6,418.94

20.73
2.01

8.24
14.51
12.93

-2.09
-7,65
-4.11

31.00
50.29

0.84
0.94
1,70

59.34
60.21
16.65

12.67
1.89
1.49

661.74

5.07
0.57

18.14
25,17
22,62

117.20
74,70
85,83

20,26
23 99

11.58
5.79
2.20

675,80
332,48
283.85

39,67
45,13
3.65

5,048.00

11.17
1 18

-95.46
-63.59
-60.39

-305.38
-226.61
-294.53

4.69
n 35

15.72
9.17
9.55

970,90
591,67
384,22

82,81
53,68
8.81

7,517.00

36.09
4.82

132.33
117,47
81.45

813,21
187,98
246,68

122,31
170,02

'tnergy Information Admmistraiion "All prices are montniy averages unless noted otherwise "These yields were computed
as yield. = r + 12[ln(p,,/p,,,,)], where ns the yield on a 1-month certificate of deposit at an annual rale, p., is the spot or
lirst nearby futures price of oil, and p,,,, is the corresponding futures price.

for crude oil. In contrast, the same spreads tor natural gas ranged from
- 2 . 1 % to -7.6^^.

As Figures 1 and 2 illustrate, the samples displayed considerable
variation. I he crude oil sample ineluded the 1986 priee eollapse and the
Persian Gulf War. The natural gas sample from April 1990 lo December
199S also displayed eonsiderable priee variation.

ECONOMETRIC RESULTS

estimates lor the erude oil sample appear in Table II. The objective
funetion \alue, when multiplied by tbe numher of obser\alions (187),
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FIGURE 1
Prices for West Texas Interrm-diiite crude oil, 1983-1999.

provides a test for the ovcridcnLifying restrictions of the model, which
has 34 degrees oF Freedom.^ For each oF the six model runs, we could not
reject the maintained assumptions oF the model.

Table II also presents estimates oFthe shadow value on stocks, CxJ
Pp and risk premium, \j/a,, evaluated v\ ith the sample means e.\pressed
in annual percentage per annum. Although an investigation oF aggrega-
tion issues was not the Foeus oFthis study, the estimates oF risk premiums
were not sensitive to the definition oF petroleum stocks. Tive oF the six
estimates For the shadow value on stocks were negative and significant,
equivalent to an annual rate ranging From slightly less than ^%. to more
than H9c at the mean of the data. The risk premium was negative and
highly signifieant in all six models."' This finding suggests that price back-
wardations occur during periods oF greater price uncertainty, supporting
the results ohtained by Litzenberger and Rabinowit/ (1995), who used

I h e (k ' j iR ' fs ol [ r t c d o m t ' l jual t h e n i i rn l ic r ol' insfriimi.Tils ( 2 T I l i n i f s i h c n i i n i h i T of (-(iLiiilions [2]

loss i h f n u m b e r o f p a n n i u ' l t T s ( ]h),

' G i v e n t h e e s t i m a t e s for Ô ^ „, r c p o r l e d in I o o t n o R - 1, i h c imp l i c i t e s t i m a l f s IVir i h c m a r k e l p r i c e ol'

r i sk a r c c l ea r l y pos i t i ve .
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FIGURE 2
Prices for niiUiral giis iil the Henr> Hub, 1990-1999 .

simple regressions of various measures of price backwardations on im-
plied volatility. Our model and findings go one step further, suggesting
that the relationship between priee baekvvarclations iind uneertainly is
consistent \\ ilh the theory ot storage. I he presenee (jr absence ot strategic
stockpiles in our dei'inition ot inventories did not atfect this conclusion.^

lable II also presents estimates ot the elasticities of marginal cost
and C \ , with respect to input prices, output, inventories, capital, and
teehnologieal ehange. The elasticities ot marginal cost seem intLiiti\e!y
plausible. Marginal costs rose v\itb input prices, tinergy and materials
generally had the most si/able and statistieally significant impacts. The
elasticities ot marginal cost with respeet to output were also signiticant.
Their inverse implied eonventional supply elasticities ranging From 0.4 to
0.2, which is witbin tbe range of pre\ioiis studies sur\eyed by Dabl and
Duggan (iy96). I be elasticities of marginal cost witb respect to eapaeity
retlect a sbitt upward in the competiti\e supply curve as domestic pro-

'In ioLis versions of this iirticic, we cstimatotl ihf modt'l in real terms jndfiht^iint'cl simihtr results.
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TABLE II

Estimates Obtained with DilTerent Crude Oii Prices with and without Strategic
Petroleum Reserve (SPR) Stocks For the Sample Period June I 983-December

1998

f}\nC.Jit\nA,

Wages
Energy Prices
Materials Prices
Output
Stocks
Capital
Trend

t'lCJiiinA,
Wages
Energy prices
Materials prices
Output
Stocks
Capital
Trend

CJPlXyear)
H/a (%/year)
Test of overid. rest.

[probability value]
R-'r ]

Marginal cost
Returns to storage

Asymptotic t ratios appear in parentheses

Spot ami hirst
Neurlr\

With
SPR

-0.01 (0.1)
0.91 (10.2)
1.29(5.1)
1.43(2.3)

- 1 20 (6,8)
-1.28(8.5)
-0,16(2,2)

0.24(1 5)
0.33 (2.8)

-0.92(4,2)
-0.21 (6,8)
-0.54(0.6)

0,29(2.1)
0,01 (1.7)

-3,21 (4.2)
-5.07(7.2)

18.27 [0,99]

0,70
0,16

Futures

Withi)iit
SPR

0.75(7.5)
1,09(13,1)
1,72(6.8)
3 06(5.0)

-0,36(3.2)
-0,75(8.4)
-0.48(13.0)

-0,19(1,8)
0.32(3,2)

-1.13(8,4)
-0,17(3.2)
-1,81 (3.5)

0.20(2.1)
0.04(7.1)

-3.11 (5.4)
- 4 43(8,7)

15.63 [1.00]

0 67
0.18

First and Second
Neartry .

Wilh
SPR

0.00 (0,0)
0,93(9.8)
1.25(7.4)
1,05(2.4)

-1,12(7.8)
-1,21 (8,6)
- 0 19(4,6)

2.88(8.2)
0.12(0.6)

-1,89(3.4)
-0.20(7.8)

1.89(0,9)
0.29(1,2)

-0.03(2.5)

-0,70(0,5)
-15.56(18.2)

12.37 [1.00]

0.70
0.47

Futures

Without
SPR

0 70(8.1)
1,07(11,9)
1.71 (8,7)
2.78(6.5)

-0.41 (4,9)
-0,75(6.6)
-0.49(14.3)

1,39(7,9)
0.43(2,7)

-1.59(5,8)
-0,19(4.9)

5.86(6.8)
1.26(5,9)
0.04 (4.7)

-2.64(2.7)
-11,39(18,1)

14.49 [1.00]

0 67
0.60

Last-Day First and
Second Nearin Futures

With
SPR

0.00 (0,0)
0.88 (7,0)
1.24(4 3)
0,88(1.2)

-1,06(5.4)
-1.14(6.0)
-0,21 (3.7)

2.16(4.4)
-0.08(0.4)
-2,15(3.2)
-0,19(5.4)
- 0 60(0.2)
-0.12(0.4)
-0.02(1.3)

-7.32(4.2)
-7.05(5,0)

19,84 [0.97]

0,67
0.34

Without
SPR

0.60(6,3)
1,06(9.6)
1,60(6.3)
2,45(4.8)

-0.32(2.6)
-0,69(4,5)
-0.46(11,5)

1.25(7.3)
0.10(0.6)

-1.75(6.1)
-0,15(2.6)

3,00 (3,4)
0.52(2.2)
0.03(3,4)

-8.36(7,1)
-4,86(5.4)

18.19 [0,99]

0.64
0.47

Note' Asymplolic ± ratios appear in parentheses.

duction capacity declined. Marginal costs also declined witb bigher in-
ventories. Tbe time trend elasticities suggest tbat tecbnologicai cbange
reduced marginal production eosts.

Because tbe benefits oF stoek holding can be negative, scaled deriv-
atives oFCx, were easier to interpret. Ibe Cx.i Funetion sbiFted up with
lower production and down witb bigber production. Tbe C \ , Function
also seemed to be significantly aFFeeted by input prices and capacity. Tbe
slope ol Cx,, witb respect tbe stock levels, bowever, seemed sensitive to
tbe selection oF prices and tbe definition oF stocks.

Tbe absolute value of the risk premium For crude oil, wbicb consti-
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FIGURE 3
Estimaled risk premium as ii |XT(.'i.'ntiif;t' oi the crude oil spot price.

tutes tbe otber component of tbe returns to storage, is presented in Figure
^ tor tbe mode! using tbe montbly average first and second nearby tutures
prices. Notice tbat tbe premium reaebed over 459( in January 1991, tbe
beigbt ot" tbe Clult War crisis, and tkietuated considerably, h also ap-
proaebed 4O't during tbe crude oil price collapse oi 1986.

Tbe results trom estimating the same model for natural gas appear
in Table 111. As witb tbe crude oil sample, we could not rejeet tbe over-
identifying restrictions.' Marginal costs for natural gas were upward slop-
ing witb a supply elasticity in tbe 0.9 to 03 range. Higber capital stocks
significantly reduced marginal costs across all tbree specifications. Only
one of tbe tbree models indicated an inverse relation between gas storage
levels and marginal eosts.

Like tbe risk premiums on erude oil, tbe risk premiums on natural

'Tho ri-siduiils lor the crude oil and niilural gas models do noi fonl.iin unit routs, sng^esling that
our model provides a cointegratinp mechanism. Ihe lireusch-Piigan lesl tin the residuals did not
reveal si^ni^lCi]Ilt helerostedaslJcity, exccpl lor those residuals Irom the reliiiii".-l(i-storajje equ.ilion
[or iht' MTsions usin^ cash prices.
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TABLE 111

Estimates for the Natural Gas Sample: June I 990-December 1998

Wages
Energy prices
Materials prices
Output
Stocks
Capital
Trend

ilCJiAuA,
Wages
Energy prices
Materials prices
Output
Stoci<s
Capital
Trend

C,/P(% year)
î fo (% year)
Test of overid. rest, [prcbabiiity value]
R-'

Marginal cost
Returns to storage

Spot and First
Neiirh\ 1 utures

0.98 (2.4)
1.72(9.4)
0.19(0,5)
2.66(1,8)

-0.17(3.7)
-5.00(3.1)
-0.26(1,2)

0.04 (0 2)
-0,31 (3,3)
- 0 78(4,6)

-0,003(3,7)
0,99(2,1)
1,62(2.4)
0,02(1,9)

88.38 (20,0)
-83.50(18,2)
13.02 [1.00]

0.36
0.53

.\ltcriiative Prices

First und Second
Searh) Futures

0 46(1.3)
1,39(8.3)

-0.67(1.4)
3.20(2,9)
0,05(1,3)

-2.15(2,2)
0,14(0.7)

-0,72(-5,8)
0,17(2,9)

-0.34(2,8)
0.001 (1.3)
3.49(6,9)
4,71 (7,9)
0.05(7,7)

59,39(16.2)
-43,68(13.6)

13.15 [1.00]

0.39
0,48

I.ast-Din f'irst und
Second Searhy Itiliires

0.12(0,5)
1.21 (8,1)

-0.52(1,5)
1,08(1.1)
0 09 (2.0)

-2.19(2.4)
0,30(1,9)

-1.00(-6,1)
0,70 (9,0)

-0,59(4.2)
0,001 (2.0)
5,61 (10,9)
8,12(12.6)
0,07 (8.7)

30.60(8.1)
-17,66(4,0)

13.04(1.00]

0.37
0.43

Note Asymplolic f ratios appear in parentheses.

gas were negative and significant (sec Figure 4). In contrast, the meiin
shadow value on stoeks was positive, reflecting prices For future delivery
persistently higher than those for immediate sales, as Table I illustrates.
During most of the winter months, however. Cx,i was negative, reflecting
the benefits of gas stocks during peak consumption periods. Tbese bene-
fits, bowever, disappeared during the spring, summer, and fall seasons.
Tbe derivative of C'x,, witb respect to inventory levels, was positive and
significant, consistent with tbe tbeory of storage. In otber words, at low
inventory levels, tbe cost-reducing effect of bolding inventory was large,
and at bigb stock levels. C\,i was positive, indicating tbat costs rose witb
additional stoeks.

CONCLUSIONS

Tbis study derived the eonvenienee yield from the elassic tbeory of storage
from an inventory valuation model witb price uncertainty. Tbe equilib-
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FIGURE 4
Eslinialed risk premium lor iiiitiiriil ̂ as.

Hum value ot inventories also contains an option value that is a function

of price volatility.

The econometric (indings suggest Lhat crude oil and natural gas in-

ventory assets contain risk premiums that rise sharply with higher priee

volatility. In addition, the results also indicate the existence of a eonven-

ience vield that increases as stocks lall.
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